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REMARKS/ARGUMENTS 

Reconsideration is respectfully requested. Claims 1-17 are pending. Claims 10 and 17 
are amended. No new matter has been added due to the amendments. Amendment to and 
cancellation of the claims does not affect inventorship. 

Applicants have not dedicated or abandoned any unclaimed subject matter and moreover 
have not acquiesced to any rejections made by the Patent Office. Applicants reserve the right to 
pursue prosecution of any presently excluded claim embodiments in future continuation and/or 
divisional applications. 

Priority 

The Office Action asserts that support for the concept of an agent therapeutically active 
in cancer was not found in priority documents 09/179,927 or 60/063,328. Therefore, the office 
Action maintains that the priority date for the full scope of the instant claims was determined to 
be the filing date of the 60/201,817 application, or May 4, 2000. The Applicants respectfully 
disagree. 

Priority document 60/063,328 (hereinafter '328) (Exhibit A) discloses MRI agents 
comprising a chelator, such as a DOTA or DPTA, and a paramagnetic metal ion that is 
coordinatively saturated by the chelator and a therapeutic blocking moiety (see page 16, lines 8- 
15, page 17, lines 19-25, page 20, lines 8-12, and page 23, lines 1 1-20). Priority document '328 
further notes that the blocking moiety may be cleaved to allow the moiety to interact with a 
target substrate (page 24, lines 23-26). The document further defines the enzyme targets as 
"enzymes associated with the generation or maintenance of arterioschlerotic plaques and lesions 
within the circulatory system, inflammation, wounds, immune response, [and] tumors " (page 
25, line 23 to page 26, line 1, emphasis added). 

Moreover, the section of priority document '328 entitled "Patent Disclosure Letter" 
further teaches that the MRI agents are capable of reporting on the physiological status of in 
vivo cellular and metabolic process while simultaneously delivering a therapeutic drug (see 
page 1 of section following Drawings). In particular, the section further notes that "once 
cleaved, the blocking group will behave as a therapeutic drug " (see page 3 of section 
following Drawings, emphasis added). Therefore, the blocking moiety as previously described 
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as being an agent that interacts with enzymes associated with tumor (i.e. cancer) is also one that 
can act as a therapeutic drug upon interaction with such targets upon delivery. 

Therefore, the Applicants maintain that since the concept of an agent therapeutically 
active in cancer is found in priority documents 60/063,328, the present claims are entitled to 
priority date of October 27, 1997, the filing date of priority documents 60/063,328. 

Double Patenting 

The Office Action has rejected claims 1-4 and 1 1 -1 5 under the judicially created 
doctrine of obviousness-type double patenting as being unpatentable over claims 1-16 of U.S. 
Patent No. 6,713,046. 

A Terminal Disclaimer is filed herewith in view of claims 1-16 of U.S. Patent No. 6, 
713,046. Applicant notes that the filing of a terminal disclaimer is not an admission of the 
propriety of a rejection which has or may be applied based on nonstatutory double patenting 
(Quad Environmental Technologies Corp. v. Union Sanitary District, 946 F.2d 870, 20 
USPQ2d 1392 (Fed. Cir. 1991)). However, and solely to expedite prosecution, a Terminal 
Disclaimer is filed to obviate such a rejection. 

Accordingly, the Applicant respectfully requests that this rejection be withdrawn. 

Rejection Under 35 USC § 112, Second Paragraph 

The Office Action has rejected Claims 10 and 17 under 35 U.S.C. § 1 12, second 
paragraph, for allegedly being indefinite and failing to distinctly claim the subject matter 
regarded as the invention. In particular, the Office Action notes a typographical error at the end 
of each claim. Claims 10 and 17 have been amended to recite "carbohydrase". 

As such, in view of the amendments to the claims, the Applicants respectfully request that this 
rejection be withdrawn. 

Rejection Under 35 USC § 102 

Claims 1-4, 10-15 add 17 are rejected under 35 U.S.C.§ 102(e) for allegedly being anticipated 
by U.S. Patent No. 5,932,188 (Snow et al.). In view of the remarks made herein, the Applicants 
respectfully request that this rejection be withdrawn. 
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The present claims are directed to a method of administering an activatable MRI agent 
comprising a chelator and a paramagnetic metal ion that is coordinatively saturated by the 
chelator and a covalently attached therapeutic blocking moiety having a cleavage site. Upon 
cleavage of the cleavage site the therapeutic moiety is released and the Ti of the MRI agent is 
decreased thereby providing a magnetic resonance image. 

The Office Action asserts that Snow teaches a composition comprising a chelator and a 
paramagnetic metal ion for MR imaging, a poly(alkylene oxide) polymer, a linker and a 
cytotoxic agent (Office Action, page 7). The Office Action also states that the "composition 
must inherently comprise a 'cleavage site' and thus a cleavage step upon in vivo 
administration" and that the "recitation of such functional properties, such as decrease in the Ti 
of the MRI agent, must also necessarily occur" (Office Action, page 7). 

However, the Applicants respectfully disagree that Snow teaches cleavage of any 
portion of the MRI agent following administration or any decrease of the Ti of the MRI agent 
following such a cleavage event as presently claimed. There is no indication in Snow that 
cleavage of the cytotoxic moiety would result in a decrease in the Ti of the MRI agent. The 
teaching that that Office Action refers to is with respect to the cytotoxic agent and recites that 
the cytotoxic agent would retain the inherent cytotoxic properties. There is no further 
disclosure in Snow with respect to cleavage of the bond between the cytotoxic agent and the 
remaining composition following administration of the compound or subsequence change in Ti 
of the chelator. 

Even if, in arguendo, the cytotoxic agent is cleaved and released from the composition 
described in Snow, there is no teaching that the T] of the chelator would change. In fact, if the 
cytotoxic agent is cleaved, the poly(alkylene oxide) moiety in the backbone of the polymer 
would remain linked to the chelator. There is no teaching or suggestion that the chelating agent 
would be released from the poly(alkylene oxide) or remaining polymer. Therefore, contrary to 
the assertion in the Office Action, there is no expectation that the Ti of the Snow compound 
would behave in a similar manner as the compound of the present claims. 

The Office Action states that that the "composition must inherently comprise a 
'cleavage site' and thus a cleavage step upon in vivo administration" and that the "recitation of 
such functional properties, such as decrease in the T, of the MRI agent, must also necessarily 
occur". However, the Applicants respectfully submit that the components of the claimed 
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invention possess a unique functional characteristic that is not present in the prior art, i.e., a 
blocking peptide that is cleavable by the target enzyme to produce a change in Ti. 

In In Re Swinehart, the court held that a composition of matter claim with a functional 
limitation was proper where it constituted the point of novelty between the applicants' claim 
and the prior art. The claim at issue in Swinehart read "[a] new composition of matter, 
transparent to infra-red rays and resistant to thermal shock, the same being a solidified melt of 
two components ..." Id. at 227. In particular, the novel limitation, "transparent to infra-red 
rays," was rejected by the Examiner and the Board as improper functional language. Id. at 227- 
28. The C.C.P.A. disagreed, explaining that: 

Our study of these cases . . . satisfies us that any concern over the use of functional 
language at the so-called 'point of novelty' stems largely from the fear that an applicant 
will attempt to distinguish over a reference disclosure by emphasizing a property or 
function which may not be mentioned by the reference and thereby assert that this 
claimed subject matter is novel. Such a concern is not only irrelevant, it is misplaced . . . 
[W]here the Patent Office has reason to believe that a functional limitation asserted to 
be critical for establishing novelty in the claimed subject matter may, in fact, be an 
inherent characteristic of the prior art, it possesses the authority to require the applicant 
to prove that the subject matter shown to be in the prior art does not posses the 
characteristic relied on. Id. at 228-29. 

In the instant case, the Applicants have claimed a method of using a composition of 
matter using the functional limitation upon "cleavage of said site. . .the Tj of said MRI agent is 
decreased" as a point of novelty distinguishing the claims from the prior art. There is no 
indication that Snow possesses this characteristic. In contrast, the novelty of the instant 
invention stems from the fact that cleavage of the cleavage site is required to cause the Ti of the 
MRI agent to change. 

Since Snow fails to teach cleavage and release of the therapeutic moiety from the 
composition and subsequent change in Ti in order to turn "on" the chelator, it fails to teach each 
and every element of the claims. Therefore, the cited reference cannot anticipate the present 
invention. In addition, the functional point of novelty is not inherent in the prior art referenced 
in Snow. Consequently, under Swinehart the Applicants' use of functional language properly 
distinguishes the claims from the prior art. See Swinehart at 228-29. The Applicants therefore 
respectfully request that the rejection be withdrawn on these grounds. 
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CONCLUSION 



In view of the foregoing, Applicants believe all claims now pending in this Application 
are in condition for allowance. The issuance of a formal Notice of Allowance at an early date is 
respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of this 
application, please telephone the undersigned at 415-442-1000. 



Enclosure: 

• Terminal Disclaimer in view of U.S. Patent No. 6,71 3,046 

• Exhibit A - United States Provisional Patent Application Serial No. 60/063,328 



Customer No.: 67374 

Morgan, Lewis & Bockius LLP 
One Market, Spear Street Tower 
San Francisco, C A 94105 
Telephone: (415) 442-1000 
Facsimile: (415) 442-1001 

l-SF/7637255.1 



Respectfully submitted, 



MORGAN, LEWIS & BOCKIUS LLP 




Dated: >l^. \Q .Trdd^h By: 



Filed Under 37 C.F.R. 1.34 
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EXHIBIT A 



P-58634-3/RFT/RMS 



MAGNETIC RESONANCE IMAGING AGENTS 
FOR THE DETECTION OF PHYSIOLOGICAL AGENTS 

FIELD OF THE INVENTION 

The invention relates to novel magnetic resonance imaging contrast agents and 
5 methods of detecting physiological signals or substances. 

BACKGROUND OF THE INVENTION 

Magnetic resonance imaging (MRI) is a diagnostic and research procedure that 
uses a large, high-strength magnet and radio-frequency signals to produce 
images. The most abundant molecular species in biological tissues is water. It 

10 is the quantum mechanical "spin" of the water proton nuclei that ultimately 

gives rise to the signal in all imaging experiments. In MRI the sample to be 
imaged is placed in a strong static magnetic field (1-12 Tesla) and the spins are 
excited with a pulse of radio frequency (RF) radiation to produce a net 
magnetization in the sample. Various magnetic field gradients and other RF' 

15 pulses then act on the spins to code spatial information into the recorded 

signals. MRI is able to generate structural information in three dimensions in 
relatively short time spans. 

Magnetic resonance (MR) images are typically displayed on a gray scale with 
black the lowest and white the highest measured intensity (I). This measured 
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intensity is determined from the formula I = C*M, where C is the concentration 
of spins (in this case water concentration) and M is a measure of the 
magnetization present at time of the measurement. Although variations in 
water concentration (C) can give rise to contrast in MR images, it is the strong 
5 dependence of the rate of change of M on local environment that is the major 

source of image intensity variation in MRI. Two characteristic relaxation 
times are involved. T, is defined as the longitudinal relaxation time or spin 
lattice relaxation time (1/T, is a rate constant). T 2 is known as the transverse 
relaxation time or spin-spin mechanism, which is one of several contributions 
10 to T, (1/T, is also a rate constant). T, and T 2 have reciprocal effects on image 

intensity, with image intensity increased by either shortening the T, or 
lengthening the T 2 . 

In order to increase the signal-to-noise ratio (SNR) a typical MR imaging scan 
(RF and gradient pulse sequence and data acquisition) is repeated at a constant 

15 rate for a predetermined number of times and the data averaged. The signal 
amplitude recorded for any given scan is proportional to the number of spins 
that have decayed back to equilibrium since the previous scan. Thus, regions 
with rapidly decaying spins (i.e. short T, values) will recover all of their signal 
amplitude between successive scans. Their measured intensities in the final 

20 image will accurately reflect their spin density (i.e. water content). Regions 

with long T, values compared to the time between scans will progressively lose 
signal until a steady state condition is reached and will appear as darker regions 
in the final image. In extreme situations the linewidth can be so large that the 
signal is indistinguishable from background noise. In clinical imaging, water 

25 relaxation characteristics vary from tissue to tissue, providing the contrast 

which allows the discrimination of tissue types. Moreover, the MRI 
experiment can be setup so that regions of the sample with short T, values 
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and/or long T 2 values are preferentially enhanced - so called T,-weighted and 
T 2 -weighted imaging protocols. 

There is rapidly growing body of literature demonstrating the clinical 
5 effectiveness of paramagnetic contrast agents; currently there are at least eight 

different contrast agents in clinical trials or in use. Paramagnetic contrast 
agents serve to reduce T, and/or T 2 . The capacity to differentiate regions or 
tissues that may be magnetically similar but histologically different is a major 
impetus for the preparation of these agents. These agents provide further 
10 contrast, and thus enhanced images, wherever the contrast agent is found. For 

example, the approved contrast agents outlined below may be injected into the 
circulatory system and used to visualize vascular structures and abnormalities, 
amongst other things. 

In the design of MRI agents, strict attention must be given to a variety of 
15 properties that will ultimately effect the physiological outcome apart from the 

ability to provide contrast enhancement. Two fundamental properties that must 
be considered are biocompatability and proton relaxation enhancement. 
Biocompatability is influenced by several factors including toxicity, stability 
(thermodynamic and kinetic), pharmacokinetics and biodistribution. Proton 
20 relaxation enhancement (or relaxivity) is chiefly governed by the choice of 
metal, the rotational correlation times and the accessibility of the metal to 
surrounding water molecules (rapid exchange of water with the bulk). 

The measured relaxivity of the contrast agent is dominated by the selection of 
the metal atom. Paramagnetic metal ions, as a result of their unpaired 
25 electrons, act as potent relaxation enhancement agents. They decrease the T, 

relaxation times of nearby (r 6 dependence) spins. Some paramagnetic ions 
decrease the T, without causing substantial linebroadening (e.g. gadolinium . 
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(III), (Gd 3 ')), while others induce drastic linebroadening (e.g. 
superparamagnetic iron oxide). The mechanism of T, relaxation is generally a 
through space dipole-dipole interaction between the unpaired electrons of the 
paramagnet (the metal atom with an unpaired electron) and bulk water 
5 molecules (those water molecules not "bound" to the metal atom) that are in 

fast exchange with water molecules in the metal's inner coordination sphere 
(those water molecules bound to the metal atom). 

The shortening of proton relaxation times by Gd is mediated by dipole-dipole 
interactions between its unpaired electrons and adjacent water protons. The 

10 effectiveness of Gd's magnetic dipole drops off very rapidly as a function of its 

distance from these protons. Consequently, the protons which are relaxed most 
efficiently are those which are able to enter Gd's first or second coordination 
spheres during the interval between the RF pulse and signal detection. For 
example, regions associated with a Gd(III) ion (near-by water molecules) 

15 appear bright in an MR image where the normal aqueous solution appears as 

dark background if the time between successive scans in the experiment is 
short (i.e. T, weighted image). 

Localized T 2 shortening caused by superparamagnetic particles is believed to 
be due to the local magnetic field inhomogeneities associated with the large 
20 magnetic moments of these particles. Regions associated with a superpara- 

magnetic iron oxide particle appear dark in an MR image where the normal 
aqueous solution appears as high intensity background if the echo time (TE) in 
the spin-echo pulse sequence experiment is long (i.e. T 2 -weighted image). 

The lanthanide atom Gd(lII), has generally been chosen as the metal atom for 
25 contrast agents because it has a high magnetic moment (u 2 = 63BM 2 ), a 

symmetric electronic ground state, (S 8 ), the largest paramagnetic dipole and the 
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greatest paramagnetic relaxivity of any clement. Gd(IlI) has been chelated with 
several substances to render the complex nontoxic. To date, a number of 
chelators have been used, including diethylenetTiamincpentaacetic (DTP A), 
l,4,7,10-tetraazacyclododecane'-N,N'N",N"'-tetracetic acid (DOTA), and 
5 derivatives thereof. See U.S. Patent Nos. 5,155,215, 5,087,440, 5,219,553, 
5,188,816, 4,885,363, 5,358,704, 5,262,532, and Meyer et al., Invest. Radiol. 
25:S53 (1990). 

The stability constant (K) for Gd(DTPA) is very high (logK = 22.4) and is 
more commonly known as the formation constant (the higher the logK, the 

10 more stable the complex). This thermodynamic parameter indicates the 

fraction of Gd(lII) ions that are in the unbound state will be quite small and 
should not be confused with the rate (kinetic stability) at which the loss of 
metal occurs. The water soluble Gd(DTPA)-chelatc is stable, nontoxic, and 
one of the most widely used contrast enhancement agents in experimental and 

15 clinical imaging research. It was approved for clinical use in adult patients in 

June of 1 988. It is an extracellular agent that accumulates in tissue by 
perfusion dominated processes. Image enhancement improvements using 
Gd(DTPA) are well documented in a number of applications (Runge et al., 
Magn, Reson. Imag. 3:85 (1991); Russell et al., AJR 152:813 (1989); Meyer et 

20 al., Invest. Radiol. 25:S53 (1990)) including visualizing blood-brain barrier 

disruptions caused by space occupying lesions and detection of abnormal 
vascularity. It has recently been applied to the functional mapping of the 
human visual cortex by defining regional cerebral hemodynamics (Belliveau et 
al., (1991) 254:719). 

25 Another chelator used in Gd contrast agents is the macrocyclic ligand 1 ,4,7,10- 

tetraazacyclododecane-N,N',N"N"'-tetracetic acid (DOTA). The Gd-DOTA 
complex has been thoroughly studied in laboratory tests involving animals and 



-6- 



humans. The complex is conformationally rigid, has an extremely high 
formation constant (logK = 28.5), and at physiological pi I possess very slow 
dissociation kinetics. Recently, the GdDOTA complex was approved as an 
MRI contrast agent for use in adults and infants in France and has been 
5 administered to over 4500 patients. 

As noted above, these MRI contrast agents have a variety of uses. However, 
there are no contrast agents which allow the visualization of specific 
components within a biological or other type of sample. Accordingly, it is an 
object of the present invention to provide MRI contrast or enhancement agents 
10 which allow the visualization and detection of physiological agents within an 

animal, tissue or cells. 

SUMMARY OF THE INVENTION 

In accordance with the above objects, the invention provides MRI agents 
comprising a paramagnetic metal ion bound to a complex. The complex 
15 comprises a chelator and a blocking moiety in at least a first coordination site 

of said metal ion. The blocking moiety is covalently attached to the chelator, 
and capable of interacting with a target substance such that the exchange of 
water in at least said first coordination site in the metal ion complex is altered. 

The invention further provides MRI agents comprising a paramagnetic metal 
20 ion capable of binding n coordination atoms. The metal ion is bound to a 

chelator such that said metal ion has coordination atoms at (n-1 or n-2) 
coordination sites of said metal ion. The MRI agent further comprises a 
blocking moiety which hinders the rapid exchange of water in the remaining 
coordination site or sites, and which is capable of interacting with a target 
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substance, such that the exchange of water at the remaining coordination site or 
sites is increased. 

The invention further comprises a MR] agent comprising a Gd(III) ion with 
coordination atoms at 8 coordination sites of the Gd(lil) ion. The MRI agent 
5 further comprises a blocking moiety which hinders the rapid exchange of water 

in a 9th coordination site, which is capable of interacting with a target 
substance, such that the exchange of water at the 9th coordination site is 
increased. 

The invention further provides MRI agents comprising a composition having 
10 the formula: 




In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(III), Fe(III), Mn(II), Yt(IH), Cr(lU) and Dy(III). A, B, C and 
D are either single bonds or double bonds. W, X, Y and Z are -OH, -COO-, - 
CH 2 OH or -CII 2 COO-. R, - R 12 are alkyl, substituted alkyl, a phosphorus 
15 moiety or a blocking moiety, and at least one of R, - R, 2 is a blocking moiety. 

The invention also provides MRI agents having the formula: 
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In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(lII), Fe(III), Mn(Il), Yt(III), Cr(IlI) and Dy(III). A, B, C and 
D are either single bonds or double bonds. W, X, Y and Z are -OH, -COO-, - 
CH 2 OH or -CH 2 COO-, and R, - R l2 are alkyl, substituted alkyl, or a 
5 phosphorus moiety. 

The invention further provides MRI agents having the formula: 

x - x 
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In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(III), Fe(III), Mn(TI), Yt(III), Cr(III) and Dy(III). A, B, C, and 
D are either single or double bonds. S, T, U and V are -OH, -COO-, -CH20H, 
-CH2COO-, or a blocking moiety, and R, - R l2 are alkyl, substituted alkyl, or a 
5 phosphorus moiety. Further, at least one of S, T, U or V is a blocking moiety. 

The invention also provides MR1 agents having the formula: 




In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(IlI), Fe(III), Mn(II), Yt(III), Cr(III) and Dy(III). A, B, C and 
D arc either single bonds or double bonds. W, X, Y and Z are -OH, -COO-, - 
10 CH 2 OH or -CH 2 COO-. R, - R 12 are alkyl, substituted alkyl, a phosphorus 

moiety or a blocking moiety, and R 22 , R 21 and R 24 comprise a blocking moiety, 
with R 23 being a coordination site barrier. 

The invention further provides MR1 agents having the formula: 
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In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(III), Fe(IIl), Mn(II), Yt(III), Cr(IlI) and Dy(IH). A, B, C and 
D are either single bonds or double bonds. W, X, and Y are -OH, -COO-, - 
CH 2 OH or -CHX'OO-, and R, - R l2 are alkyl, substituted alkyl, or phosphorus 
5 moiety. 

Further provided are MRI agents having a formula comprising: 
M 




In this structure, M is a paramagnetic metal ion selected from the group 
consisting of Gd(III), Fe(III), Mn(II), Yt(III), Cr(IIl) and Dy(lII). H, I, J, K 
and L are -OH, -COO-, -CH20H, -CI I2COO-, or a blocking moiety. R n - R 21 
10 are alkyl, substituted alkyl, a phosphorus moiety or a blocking moiety, and at 

least one of R 13 - R 21 , H, I, J, K or L is a blocking moiety. 

The invention also provides methods of magnetic resonance imaging of a cell, 
tissue, experimental animal or patient comprising administering an MRI agent 



of" the invention to a cell, tissue, experimental animal or patient and rendering a 
magnetic resonance image of said cell, tissue, experimental animal or patient. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 depicts a representative complex of the invention, where the blocking 
moiety is tethered at one end only. The blocking moiety comprises a enzyme 
substrate and a coordination site barrier. The R group is the coordination site 
barrier. 

Figure 2 depicts a representative complex of the invention, wherein the 
blocking moiety is tethered at two ends. The R group is the coordination site 
barrier. 

Figure 3 depicts a representative synthesis of Do3a-hydroxyethyl-B-galactose, 
which has a single galactose moiety attached to the DOTA ring. 

Figure 4 depicts a representative synthesis of a li-galactose-DOTA derivative 
that has two galactose moieties attached to the DOTA ring. 

Figure 5 depicts the synthesis of a BAPTA-DOTA derivative. 

Figure 6 depicts the syntheis of a FURA-DOTA derivative. 

Figure 7 depicts a synthetic scheme for the synthesis of BAPTA-DTPA. 



Figure 8 depicts an alternative synthesis of a BAPTA-DTPA derivative. 
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Figurc 9 depicts the change in T, observed upon the P-galactosidase catalyzed 
cleavage of the galactopyranose residue (n=3). The first Column of each pair 
(1,3,5) represents the T, of the galactosc-DOTA complex and (i-galactosidase 
mixture immediately after addition. The second column represents the T, of 
5 the solution after a period of time in the presence of P-galactosidase . Each 

column is reported as a ratio to a control containing only the complex. Column 
1 and 2: 2.0 mM Gd complex plus 1.7 uM P-galactosidase phosphate buffer 
(25mM) pll 7.3. Column 3 and 4: 2.0 mM Gd plus 5. 1 uM P-galactosidase 
phosphate buffer (25mM)pH 7.3. Column 5 and 6: 2mM Gd complex plus 

10 5. luM heat inactivated P-galactosidase (10 minutes at 80 degrees) phosphate 

buffer (25mM) pH 7.3. The complexes were incubated with the enzyme for 7 
days and HPLC traces indicated greater than 95% cleavage. A minimal 
concentration of enzyme was used in these experiments to reduce potential 
effects of any contrast agent-enzyme interactions. T, were carried out using a 

15 Bruker AMX 500 spectrometer at 26 degrees using a standard 

inversion-recovery sequence. The solution was placed in a 40 ul round 
bottomed NMR tube insert (Wilmad glass) and inserted into a tube containing 
d 3 -chloroform. A two dimensional data file was collected containing 16 
different inversion delays with 8 scans each. The raw nmr data was processed 

20 (Felix, BfOSYM/ Molecular Simulations, San Diego, CA) and the peak heights 

were fitted to an exponential rise to a max to obtain T,. The R value was 
always greater than 0.999. 

DETAILED DESCRIPTION OF THE IN VENTION 

The present invention provides magnetic resonance imaging contrast agents 
25 which ean detect physiological agents or target substances. The MRI agents of 

the invention are relatively inactive as contrast enhancement agents in the 



-13- 



absence of the physiological target substance, and are activated, thus altering 
the MR image, in the presence of the physiological target substance. 

Viewed simplistically, this "trigger" mechanism, whereby the contrast agent is 
"turned on" by the presence of the target substance, is based on a dynamic 
5 equilibrium that affects the rate of exchange of water molecules in one or more 

coordination sites of a paramagnetic metal ion contained in the MR1 contrast 
agents of the present invention. In turn, the rate of exchange of the water 
molecule is determined by the presence or absence of the target substance in 
the surrounding environment. Thus, in the absence of the target substance, the 

10 metal ion complexes of the invention which chelate the paramagnetic ion have 

reduced coordination sites available which can rapidly exchange with the water 
molecules of the local environment. In such a situation, the coordination sites 
are substantially occupied or blocked by the coordination atoms of the chelator 
and at least one blocking moiety. Thus, the paramagnetic ion has essentially no 

15 water molecules in its "inner-coordination sphere", i.e. actually bound to the 

metal when the target substance is absent. It is the interaction of the 
paramagnetic metal ion with the protons on the inner coordination sphere water 
molecules and the rapid exchange of such water molecules that cause the high 
observed relaxivity, and thus the imaging effect, of the paramagnetic metal ion. 

20 Accordingly, if all the coordination sites of the metal ion in the metal ion 

complex are filled with moieties other than water molecules, as is the case 
when the target substance is absent, there is little if any net enhancement of the 
imaging signal by the metal ion complexes of the invention. However, when 
present, the target substance interacts with the blocking moiety or moities of 

25 the metal ion complex, effectively freeing at least one of the inner-sphere 

coordination sites on the metal ion complex. The water molecules of the local 
environment are then available to occupy the inner-sphere coordination site or 
sites, which will cause an increase in the rate of exchange of water and 
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relaxivity of the metal ion complex toward water thereby producing image 
enhancement which is a measure of the presence of the target substance. 

Generally, a 2 to 5% change in the MRI signal used to generate the image is 
enough to be detectable. Thus, it is preferred that the agents of the invention in 
the presence of a target substance increase the MRI signal by at least 2 to 5% as 
compared to the signal gain the absence of the target substance. Signal 
enhancement of 2 to 15% is preferred, and 10 to 20% is more preferred for each 
coordination site made available by the target substance interaction with the 
blocking moiety. That is, when the blocking moiety occupies two or more 
coordination sites, the release of the blocking moiety can result in double the 
increase in signal or more as compared to a single coordination site. 

It should be understood that even in the absence of the target substance, at any 
particular coordination site, there will be a dynamic equilibrium for one or 
more coordination sites as between a coordination atom of the blocking moiety 
and water molecules. That is, even when a coordination atom is tightly bound 
to the metal, there will be some exchange of water molecules at the site. 
However, in most instances, this exchange of water molecules is neither rapid 
nor significant, and does not result in significant image enhancement. 
However, upon exposure to the target substance, the blocking moiety dislodges 
from die coordination site and the exchange of water is increased, i.e. rapid 
exchange and therefore an increase in relaxivity may occur, with significant 
image enhancement. 

The complexes of the invention comprise a chelator and a blocking moiety. 
The metal ion complexes of the invention comprise a paramagnetic metal ion 
bound to a complex comprising a chelator and a blocking moiety. By 
"paramagnetic metal ion", "paramagnetic ion" or "metal ion" herein is meant a 
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mctal ion which is magnetized parallel or antiparallel to a magnetic field to an 
extent proportional to the field. Generally, these are metal ions which have 
unpaired electrons; this is a term understood in the art. Examples of suitable 
paramagnetic metal ions, include, but are not limited to, gadolinium III (Gd+3 
5 or Gd(III)), iron III (Fe+3 or Fe(lll)), manganese II (Mn+2 or Mn(II)), yttrium 

III (Yt+3 or Yt(III)), dysprosium (Dy+3 or Dy(III)), and chromium (Cr(III) or 
Cr+3). In a preferred embodiment the paramagnetic ion is the lanthanide atom 
Gd(III), due to its high magnetic moment (u 2 = 63BM2), a symmetric 
electronic ground state (S8), and its current approval for diagnostic use in 
10 humans. 

In addition to the metal ion, the metal ion complexes of the invention comprise 
a chelator and a blocking moiety which may be covalently attached to the 
chelator. Due to the relatively high toxicity of many of the paramagnetic ions, 
the ions are rendered nontoxic in physiological systems by binding to a suitable 

15 chelator, 'fhus, the substitution of blocking moieties in coordination sites of 

the chelator, which in the presence of the target substance arc capable of 
vacating the coordination sites in favor ol" water molecules, may render the 
metal ion complex more toxic by decreasing the half-life of dissociation for the 
metal ion complex. Thus, in a preferred embodiment, only a single 

20 coordination site is occupied or blocked by a blocking moeity. However, for 

some applications, e.g. analysis of tissue and the like, the toxicity of the metal 
ion complexes may not be of paramount importance. Similarly, some metal ion 
complexes are so stable that even the replacement of one or more additional 
coordination atoms with a blocking moiety does not significantly effect the 

25 half-life of dissociation. For example, DOTA, described below, when 

complexed with Gd(III) is extremely stable. Accordingly, when DOTA serves 
as the chelator, several of the coordination atoms of the chelator may be 
replaced with blocking moieties without a significant increase in toxicity. 
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Additionally such an agent would potentially produce a larger signal since it 
has two or more coordination sites which are rapidly exchanging water with the 
bulk solvent. 

There are a variety of factors which influence the choice and stability of the 
5 chelate metal ion complex, including enthalpy and entropy effects (e.g. 

number, charge and basicity of coordinating groups, ligand field and 
conformational effects). 

In general, the chelator has a number of coordination sites containing 
coordination atoms which bind the metal ion. The number of coordination 
10 sites, and thus the structure of the chelator, depends on the metal ion. The 

chelators used in the metal ion complexes of the present invention preferably 
have at least one less coordination atom (n-1) than the metal ion is capable of 
binding (n), since at least one coordination site of the metal ion complex is 
occupied or blocked by a blocking moeity, as described below, to confer 

15 functionality on the metal ion complex. Thus, for example, Gd(HI) may have 8 

strongly associated coordination atoms or ligands and is capable of weakly 
binding a ninth ligand. Accordingly, suitable chelators for Gd(IH) will have 
less than 9 coordination atoms. In a preferred embodiment, a Gd(lII) chelator 
will have 8 coordination atoms, with a blocking moiety either occupying or 

20 blocking the remaining site in the metal ion complex. In an alternative 

embodiment, the chelators used in the metal ion complexes of the invention 
have two less coordination atoms (n-2) than the metal ion is capable of binding 
(n), with these coordination sites occupied by one or more blocking moieties. 
Thus, alternative embodiments utilize Gd(lII) chelators with 6 or 7 

25 coordination atoms, with the blocking moiety either occupying or blocking the 

remaining sites. It should be appreciated that the exact structure of the chelator 
and blocking moiety may be difficult to determine, and thus the exact number 
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of coordination atoms may be unclear. For example, it is possible that the 
chelator provide 7.5 coordination atoms, i.e. the 8th coordination atom is on 
average not fully bound to the metal ion. However, the metal ion complex may 
still be functional, if the 8th coordination atom is sufficiently bound to prevent 
5 the rapid exchange of water at the site, and/or the blocking moiety impedes the 

rapid exchange of water at the site. 

There are a large number of known macrocyciic chelators or ligands which arc 
used to chelate lanthanide and paramagnetic ions. See for example, Alexander, 
Chem. Rev. 95:273-342 (1995) and Jackels, Pharm. Med. Imag, Section III, 

10 Chap. 20, p645 (1990), expressly incorporated herein by reference, which 

describes a large number of macrocyciic chelators and their synthesis. 
Similarly, there are a number of patents which describe suitable chelators for 
use in the invention, including U.S. Patent Nos. 5,155,215, 5,087,440, 
5,219,553, 5,188,816, 4,885,363, 5,358,704, 5,262,532, and Meyer et al., 

15 Invest. Radiol. 25: S53 (1990), all of which arc also expressly incorportated by 

reference. Thus, as will be understood by those in the art, any of the known 
paramagnetic metal ion chelators or lanthanide chelators can be easily modified 
using the teachings herein to further comprise at least one blocking moiety. 



When the metal ion is Gd(III), a preferred chelator is 1 ,4,7,1 0- 
20 tetraazacyclododecane-N,N',N", N"'-tetracctic acid (DOTA) or substituted 

DOTA. DOTA has the structure shown below: 
Structure 1 




By "substituted DOTA" herein is meant that the DOTA may be substituted at 
any of the following positions, as shown below: 
Structure 2 




Suitable R substitution groups include a wide variety of groups, as will be 
5 understood by those in the art. For example, suitable substitution groups 

include substitution groups disclosed for DOTA and DOTA-type compounds in 
U.S. Patent Nos. 5,262,532, 4,885,363, amd 5,358,704. These groups include 
hydrogen, alkyl groups, substituted alkyl groups, phosphorus moieties, and 
blocking moeities. As will be appreciated by those skilled in the art, each 
10 position designated above may have two R groups attached (R' and R"), 

although in a preferred embodiment only a single R group is attached at any 
particular position, and in further preferred embodiments all but one of the R 
groups is hydrogen, with the remaining group comprising a blocking moiety. 



By "alkyl group" or grammatical equivalents herein is meant a straight or 
15 branched chain alkyl group, with straight chain alkyl groups being preferred. If 

branched, it may be branched at one or more positions, and unless specified, at 
any position. Also included within the definition of an alkyl group are 
cycloalkyl groups such as C5 and C6 rings, aromatic aryl rings such as phenyl, 
heterocyclic aromatic rings such as pyridine, furan, thiophene, pyrrole, indole 
20 and purine, and heterocyclic rings with nitrogen, oxygen, sulfur or phosphorus. 

Additional suitable heterocyclic substituted rings are depicted in U.S. Patent 
No. 5,087,440, expressly incorporated by reference. In some embodiments, 



two adjacent R groups may be bonded together to form ring structures together 
with the carbon atoms of the chelator, such as is described in U.S. Patent 
5,358,704, expressly incorporated by reference. These ring structures may be 
similarly substituted. 

The alkyl group may be substituted, with one or more substitution groups. For 
example, a phenyl group may be a substituted phenyl group. Suitable 
substitution groups include, but arc not limited to, halogens such as chlorine, 
bromine and fluorine, amines, hydroxy groups, carboxylic acids, nitro groups, 
carbonyl and other alkyl and aryl groups. Thus, arylalkyl and hydroxyalkyl 
groups are also suitable for use in the invention. Preferred substitution groups 
include alkyl amines and alkyl hydroxy. 

The alkyl group may range from about 1 to 20 carbon atoms (CI - C20), with a 
preferred embodiment utilizing from about 1 to about 10 carbon atoms (CI - 
CIO), with about CI through about C5 being preferred. However, in some 
embodiments, the alkyl group may be larger, for example when the alkyl group 
is the coordination site barrier. 

By "alkyl amine" or grammatical equivalents herein is meant an alkyl group as 
defined above, substituted with an amine group at any position. In addition, the 
alkyl amine may have other substitution groups, as outlined above for alkyl 
group. The amine may be primary (-NII 2 R), secondary (-NHR 2 ), or tertiary (- 
NR 3 ). When the amine is a secondary or tertiary amine, suitable R groups are 
alkyl groups as defined above. A preferred alkyl amine is p-aminobenzyl. 
When the alkyl amine serves as the coordination site barrier, as described 
below, preferred embodiments utilize the nitrogen atom of the amine as a 
coordination atom, for example when the alkyl amine includes a pyridine or 
pyrrole ring. 
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10 



By "phosphorous moieties" herein is meant moieties containing the - 
PO(OH)(R 25 ) 2 group. The phosphorus may be an alkyl phosphorus; for 
example, UOTEP utilizes ethylphosphorus as a substitution group on DOTA. 
R 25 may be alkyl, substituted alkyl, hydroxy. A preferred embodiment has a - 
PO(OH) 2 R 23 group. 

The substitution group may also be hydrogen or a blocking moiety, as is 
described below. 

In an alternative embodiment, when the metal ion is Gd(IlI), a preferred 
chelator is diethylenetriaminepentaacetic acid (DTPA) or substituted DTPA. 
DPTA has the structure shown below: 



HOOC 

By "substituted DPTA" herein is meant that the DPTA may be substituted at 
any of the following positions, as shown below: 
Structure 4 



Structure 3 





HOOC 



See for example U.S. Patent No. 5,087,440. 



Suitable R substitution groups include hydrogen, alkyl groups, alkyl amine 
groups, phosphorus moieties, and blocking moieties, all as defined above. 
Again, those skilled in the art will appreciate that there may be two R groups 
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(R' and R") at each position designated above, although as described herein, 
preferably all but one of the R groups is hydrogen. 

In an alternative embodiment, when the metal ion is Gd(IU), a preferred 
chelator is 1 ,4,7,1 0-tetraazacyclododecane-N,N ',N ",N ' "-tetraethylphosphorus 
5 (DOTE?) or substituted DOTEP (sec U.S. Patent No. 5,188,816). DOTEP has 

the structure shown below: 

Structure 5 



o o 




DOTEP may have similar R substitution groups as outlined above. 

Other suitable Gd(lll) chelators are described in Alexander, supra, Jackels, 
10 supra, U.S. Patent Nos. 5,155,215, 5,087,440, 5,219,553, 5,188,816,4,885,363, 

5,358,704, 5,262,532, and Meyer ct al., invest. Radiol. 25: S53 (1990), among 
others. 

When the paramagnetic ion is Fe(III), appropriate chelators will have less than 
6 coordination atoms, since Fe(Ill) is capable of binding 6 coordination atoms. 
15 Suitable chelators for Fe(III) ions are well known in the art, see for example 

Lauffer et al., J. Am. Chem. Soc. 109: 1622 (1987); Lauffer, Chem. Rev. 
87:901-927 (1987); and U.S. Patent Nos. 4,885,363, 5,358,704, and 5,262,532, 
all which describe chelators suitable for Fe(III). 
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When the paramagnetic ion is Mn(II) (Mn+2), appropriate chelators will have 
less than 5 or 6 coordination atoms, since Mn(II) is capable of binding 6 or 7 
coordination atoms. Suitable chelators for Mn(II) ions are well known in the 
art; see for example Lauffer, Chem. Rev. 87:901-927 (1987) and U.S. Patent 
5 Nos. 4,885,363, 5,358,704, and 5,262,532. 

When the paramagnetic ion is Yt(lll), appropriate chelators will have less than 
7 or 8 coordination atoms, since Yt(III) is capable of binding 8 or 9 
coordination atoms. Suitable chelators for Yt(IlI) ions include, but are not 
limited to, DOTA and DPTA and derivatives thereof (see Moi et al., J. Am. 
10 Chem. Soc. 1 10:6266-6267 (1988)) and those chelators described in U.S. 

Patent No. 4,885.363 and others, as outlined above. 

When the paramagnetic ion is Dy+3 (Dy(III)), appropriate chelators will have 
less than 7 or 8 coordination atoms, since Dylll is capable of binding 8 or 9 
coordination atoms. Suitable chelators are known in the art, as above. 

15 In a preferred embodiment, the chelator and the blocking moiety arc covalently 

linked; that is, the blocking moiety is a substitution group on the chelator. In 
this embodiment, the substituted chelator, with the bound metal ion, comprises 
the metal ion complex which in the absence of the target substance has all 
possible coordination sites occupied or blocked; i.e. it is coordinatively 

20 saturated. 

In an alternative embodiment, the chelator and the blocking moiety are not 
covalently attached. In this embodiment, the blocking moiety has sufficient 
affinity for the metal ion to prevent the rapid exchange of water molecules in 
the absence of the target substance. However, in this embodiment the blocking 
25 moiety has a higher affinity for the target substance than for the metal ion. 



Accordingly, in the presence of the target substance, the blocking moiety will 
have a tendency to be dislodged from the metal ion to interact with the target 
substance, thus freeing up a coordination site in the metal ion complex and 
allowing the rapid exchange of water and an increase in relaxivity. 

What is important is that the metal ion complex, comprising the metal ion, the 
chelator and the blocking moiety, is not readily able to rapidly exchange water 
molecules when the blocking moeities are in the inner coordination sphere of 
the metal ion, such that in the absence of the target substance, there is less or 
little substantial image enhancement. 

By "blocking moiety" or grammatical equivalents herein is meant a functional 
group associated with the chelator metal ion complexes of the invention which 
is capable of interacting with a target substance and which is capable, under 
certain circumstances, of substantially blocking the exchange of water in at 
least one inner coordination site of the metal ion of the metal ion complex. For 
example, when bound to or associated with the metal ion complexes of the 
invention, the blocking moiety occupies or blocks at least one coordination site 
of the metal ion in the absence of the target substance. Thus, the metal ion is 
coordinately saturated with the chelator and the blocking moiety or moieties in 
the absence of the target substance. 

A blocking moiety may comprise several components. The blocking moiety 
has a functional moiety which is capable of interacting with a target substance, 
as outlined below. This functional moiety may or may not provide the 
coordination atom(s) of the blocking moiety. In addition, blocking moieties 
may comprise one or more linker groups to allow for correct spacing and 
attachment of the components of the blocking moiety. Furthermore, in the 
embodiment where the functional group of the blocking moiety does not 
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contribute a coordination atom, the blocking moiety may comprise a 
coordination site barrier, which serves to either provide a coordination site 
atom or sterieally prevent the rapid exchange of water at the coordination site; 
i.e. the coordination site barrier may either occupy or block the coordination 
5 site. 

By "capable of interacting with a target substance" herein is meant that the 
blocking moiety has an affinity for the target substance, such that the blocking 
moiety will stop blocking or occupying at least one coordination site of the 
metal ion complex when the target substance is present. Thus, as outlined 

10 above, the blocking moiety is blocking or occupying at least one coordination 

site of the metal ion in the absence of the target substance. However, in the 
presence of the target substance, the blocking moiety associates or interacts 
with the target substance and is released from its association with the metal ion, 
thus freeing at least one coordination site of the metal ion such that the rapid 

15 exchange of water can occur at this site, resulting in image enhancement. 

The nature of the interaction between the blocking moiety and the target 
substance will depend on the target substance to be detected or visualized via 
MRI. For example, suitable target substances include, but are not limited to, 
enzymes; proteins; peptides; ions such as Ca+2, Mg+2, Zn+2, C1-, and Na+; 
20 cAMP; receptors such as cell-surface receptors and ligands; hormones; 

antigens; antibodies; ATP; NADH; NADPH; FADH 2 ; FNNH 2 ; coenzyme A 
(acyl CoA and acetyl CoA); and biotin, among others. 

In some embodiments, the nature of the interaction is irreversible, such that the 
blocking moiety does not reassociate to block or occupy the coordination site; 
25 for example, when the blocking moiety comprises an enzyme substrate which 

is cleaved upon exposure to the target enzyme. Alternatively, the nature of the 
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interaction is reversible, such that the blocking moiety will reassociate with the 
complex to hinder the exchange of water; for example, when the blocking 
moiety comprises an ion ligand, as outlined below. 

The corresponding blocking moieties will be enzyme substrates or inhibitors, 
5 receptor ligands, antibodies, antigens, ion binding compounds, etc. 

In a preferred embodiment, the target substance is an enzyme, and the blocking 
moiety is an enzyme substrate. In this embodiment, the blocking moiety is 
cleaved from the metal ion complex of the invention, allowing the exchange of 
water in at least one coordination site of the metal ion complex. This 
10 embodiment allows the amplification of the image enhancement since a single 

molecule of the target substance is able to generate many activated metal ion 
complexes, i.e. metal ion complexes in which the blocking moiety is no longer 
occupying or blocking a coordination site of the metal ion. 

As will be appreciated by those skilled in the art, the possible enzyme target 
15 substances are quite broad. The target substance enzyme may be chosen on the 
basis of a correlation to a disease condition, for example, for diagnositic 
purposes. Alternatively, the metal ion complexes of the present invention may 
be used to establish such correlations. 

Suitable classes of enzymes include, but are not limited to, hydrolases such as 
20 proteases, carbohydrases, lipases; isomerascs such as racemases, epimerases, 
tautomerascs, or mutases; transferases, kinases and phophatases. 

As will be appreciated by those skilled in the art, the potential list of suitable 
enzyme targets is quite large. Enzymes associated with the generation or 
maintenance of arterioschlerotic plaques and lesions within the circulatory 
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system, inflammation, wounds, immune response, tumors, may all be detected 
using the present invention. Enzymes such as lactase, maltase, sucrase or 
invertase, a-amylase, aldolases, glycogen phosphorylase, kinases such as 
hexokinase, proteases such as serine, cysteine, aspartyl and metalloproteases 
5 may also be detected, including, but not limited to, trypsin, chymotrypsin, and 

other therapeutically relevant serine proteases such as tPA and the other 
proteases of the thrombolytic cascade; the cathepsins, including cathepsin B, L, 
vS, H, J, N and O; and calpain. Similarly, bacterial and viral infections may be 
detected via characteristic bacterial and viral enzymes. As will be appreciated 
1 0 in the art, this list is not meant to be limiting. 

Once the target enzyme is identified or chosen, enzyme substrate blocking 
moieties can be designed using well known parameters of enzyme substrate 
specificities. 

For example, when the enzyme target substance is a protease, the blocking 
15 moieity may be a peptide or polypeptide which is capable of being cleaved by 

the target protease. By "peptide" or "polypeptide" herein is meant a compound 

of about 2 to about 15 amino acid residues covalently linked by peptide bonds. 

Preferred embodiments utilize polypeptides from about 2 to about 8 amino 

acids, with about 2 to about 4 being the most preferred. Preferably, the amino 
20 acids are naturally occurring amino acids, although amino acid analogs and 

peptidomimitic structures are also useful. Under certain circumstances, the 

peptide may be only a single amino acid residue. 

Similarly, when the enzyme target substance is a carbohydrase, the blocking 
moiety will be a carbohydrate group which is capable of being cleaved by the 
25 target carbohydrase. For example, when the enzyme target is lactase or 13- 

galactosidase, the enzyme substrate blocking moiety is lactose or galactose. 
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Similar enzyme/blocking moiety pairs include sucrase/sucrose, 
maltose/maltose, and a-amylase/amylose. 

The blocking moiety itself may block or occupy at least one coordination site 
of the metal ion. That is, one or more atoms of the enzyme substrate (or, as 
5 outlined below, of the moiety which interacts with a physiological agent) itself 

serves as a coordination atom, or otherwise blocks access to the metal ion by 
steric hinderance. For example, it appears that one or more of the atoms of the 
galactose blocking moeity outlined in the Examples may be direct coordination 
atoms for the Gd(III) metal ion. Similarly, peptide based blocking moieties for 
10 protease targets may contribute coordination atoms. 

In an alternative embodiment, the blocking moeity further comprises a 
"coordination site barrier" which is covalently tethered to the complex by one 
or more enzyme substrate blocking moieties. In this embodiment, the 
coordination site barrier blocks or occupies at least one of the coordination sites 

15 of the metal ion in the absence of the target enzyme substance. Coordination 
site barriers are used when coordination atoms are not provided by the 
functional portion of the blocking moiety, i.e. the component of the blocking 
moiety which interacts with the target substance. The enzyme substrate moiety 
or moieties serves as the tether, covalently linking the coordination site barrier 

20 to the metal ion complex. In the presence of the enzyme target, the enzyme 

cleaves one or more of the enzyme substrates, cither within the substrate or at 
the point of attachment to the metal ion complex, thus freeing the coordination 
site barrier. The coordination site or sites are no longer blocked and the bulk 
water is free to rapidly exchange at the coordination site of the metal ion, thus 

25 enhancing the image. 
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In one embodiment, the coordination site barrier is attached to the metal ion 
complex at one end, as is depicted in Figure 1 . When the enzyme target 
cleaves the substrate blocking moiety, the coordination site barrier is 
completely released. In another embodiment, the coordination site barrier is 
5 attached to the metal ion complex with more than one substrate blocking 

moiety, as is depicted in Figure 2 for two attachments. The enzyme target may 
cleave only one side, thus removing the coordination site barrier and allowing 
the exchange of water at the coordination site, but leaving the coordination site 
barrier attached to the metal ion complex. Alternatively, the enzyme may 
10 cleave the coordination site barrier completely from the metal ion complex. 

In a preferred embodiment, the coordination site barrier occupies at least one of 
the coordination sites of the metal ion. That is, the coordination site barrier 
contains at least one atom which serves as at least one coordination atom for 
the metal ion. In this embodiment, the coordination site barrier may be an alkyl 
15 amine group, as defined above, including alkyl pyridine, alkyl pyrroline, alkyl 

pyrrolidine, and alkyl pyrole, or a carboxylic or carbonyl group. The portion of 
the coordination site barrier which does not contribute the coordination atom 
may also be consider a linker group. Preferred coordination site barriers are 
depicted in Figure 2. 

20 In an alternative embodiment, the coordination site barrier does not directly 

occupy a coordination site, but instead blocks the site sterically. In this 
embodiment, the coordination site barrier may be an alkyl or substituted group, 
as defined above, or other groups such as peptides or proteins. 

In this embodiment, the coordination site barrier is preferrably linked via two 
25 enzyme substrates to opposite sides of the metal ion complex, effectively 
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"stretching" the coordination site barrier over the coordination site or sites of 
the metal ion complex, as is depicted in Figure 2. 

In some embodiments, the coordination site barrier may be "stretched" via an 
enzyme substrate on one side, covalcntly attached to the metal ion complex, 
5 and a linker moeity, as defined below, on the other. In an alternative 

embodiment, the coordination site barrier is linked via a single enzyme 
substrate on one side; that is, the affinity of the coordination site barrier for the 
metal ion is higher than that of water, and thus the blocking moiety, comprising 
the coordination site barrier and the enzyme substrate, will block or occupy the 
10 available coordination sites in the absence of the target enzyme. 

In another embodiment, the blocking moiety may be an enzyme inhibitor, such 
that in the presence of the enzyme, the inhibitor blocking moiety disassociates 
from the metal ion complex to interact or bind to the enzyme, thus freeing an 
inner coordination sphere site of the metal ion for interaction with water. As 
1 5 above, the enzyme inhibitors are chosen on the basis of the enzyme target 

substance and the corresponding known characteristics of the enzyme. 

In a preferred embodiment, the target substance is a physiological agent. As 
for the enzyme/substrate embodiment, the physiological agent interacts with 
the blocking moiety of the metal ion complex, such that in the presence of the 

20 physiological agent, there is rapid exchange of water in at least one inner 

sphere coordination site of the metal ion complex. Thus, the target substance 
may be a physiologically active ion, and the blocking moiety is an ion binding 
ligand. For example, as shown in the Examples, the target substance may be 
the Ca+2 ion, and the blocking moiety may be a calcium binding ligand such as 

25 is known in the art (see Grynkiewicz et ah, J. Biol. Chcm. 260(6):3440-3450 

(1985); Haugland, R.P., Molecular Probes Handbook of Fluorescent Probes 
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and Research Chemicals (1989-1991)). Other suitable target ions include 
Mn+2, Mg+2, Zn+2, Na+, and C1-. 

When Ca+2 is the target substance, preferred blocking moieties include, but are 
not limited to, the acetic acid groups of bis(o-amino-phenoxy)ethanc- 
5 N,N,N',N'-tetraacetic acid (BAPTA), ethylene glycol bis(B-aminoethyl ether)- 

N,N,N',N'-tetraacetic acid (EGTA); ethylenediaminetetracetic acid (EDTA); 
and derivatives thereof, such as disclosed in Tsien, Biochem. 1 9:2396-2404 
(1 980). Other known chelators of Ca+2 and other divalent ions, such as quin2 
(2-[[2-[bis(carboxymethyl)amino]-5-methylphenoxy]methyl-6-methoxy-8- 
10 [bis(carboxymcthyl)amino]quinoline; fura-1, fura-2, fura-3, stil-1, stil-2 and 

indo-1 (see Grynkiewicz et al., supra). 

As for the enzyme/substrate embodiments, the metabolite may be associated 
with a particular disease or condition within an animal. For example, as 
outlined below, BAPTA-DOT A derivatives may be used to diagnose 
15 Alzeheimcr's disease and other neurological disorders. 

In some embodiments, the metal ion complexes of the invention have a single 
associated or bound blocking moiety. In such embodiments, the single 
blocking moiety impedes the exchange of water molecules in at least one 
coordination site. Alternatively, as is outlined below, a single blocking moiety 
20 may hinder the exchange of water molecules in more than one coordination 

site. 

In alternative embodiments, two or more blocking moieties are associated with 
a single metal ion complex, to implede the exchange of water in at least one or 
more coordination sites. 
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]t should be appreciated that the blocking moieties of the present invention may 
further comprise a linker group as well as a functional blocking moiety. That 
is, blocking moieties may comprise functional blocking moieties in 
combination with a linker group and/or a coordination site barrier. 

5 Linker groups will be used to optimize the sterie considerations of the metal 

ion complex. That is, in order to optimize the interaction of the blocking 
moiety with the metal ion, linkers may be introduced to allow the functional 
blocking moiety to block or occupy the coordination site. In general, the linker 
group is chosen to allow a degree of structural flexibility. For example, when a 
10 blocking moiety interacts with a physiological agent which does not result in 

the blocking moiety being cleaved from the complex, the linker must allow 
some movement of the blocking moiety away from the complex, such that the 
exchange of water at at least one coordination site is increased. 

Generally, suitable linker groups include, but arc not limited to, alky] groups, 
15 as defined above, and alkyl amine groups, as defined above. Preferred linker 
groups include p-aminobenzyl, substituted p-aminoben^yl, diphenyl and 
substituted diphenyl, alkyl furan such as benzylfuran, carboxy, and straight 
chain alkyl groups of 1 to 10 carbons in length. Particularly preferred linkers 
include p-aminobenzyl, methyl, butyl, pentyl, hexyl, acetic acid, propionic 
20 acid, aminobutyl, p-a!kyl phenols, 4-alkylimidazole. The selection of the linker 

group is generally done using well known molecular modeling techniques, to 
optimize the obstruction of the coordination site or sites of the metal ion. 

The blocking moiety is attached to the metal ion complex in a variety of ways. 
In a preferred embodiment, as noted above, the blocking moiety is attached to 
25 the metal ion complex via a linker group. Alternatively, the blocking moiety is 
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attachcd directly to the metal ion complex; for example, as outlined below, the 
blocking moiety may be a substituent group on the chelator. 

In a preferred embodiment at least one of the R groups attached to the "arms" 
of the chelator, for example R,, R l0 , R n or R 12 of the Dota structures or R, 3 , R 14 , 
5 R, 7 , R 20 and R 21 of the DTTA structure, comprises an alkyl or substituted alkyl 

group, i.e, is a group sterically bulkier than hydrogen. This is particularly 
useful to drive the equilibrium towards '"locking" the coordination atom of the 
arm into place to prevent water exchange, as is known for standard MRI 
contrast agents. Preferred groups include the CI through C6 alkyl groups with 
10 methyl being particularly preferred. 

This is particularly preferred when the blocking moiety is attached via one of 
the "arms", for example when a blocking moiety is a position S, T, U or V of 
structure 1 1 or position H, I, J or K. of structure 14. 

However the inclusion of too many groups may drive the equilibrium in the 
15 other direction effectively locking the coordination out of position. Therefore 

in a preferred embodiment only one of these positions is a non-hydrogen group. 

The blocking moieties are chosen and designed using a variety of parameters. 
In the embodiment which uses a coordination site barrier, i.e. when the 
functional group of the blocking moiety does not provide a coordination atom, 

20 and the coordination site barrier is fastened or secured on two sides, the affinity 

of the coordination site barrier of the blocking moiety for the metal ion 
complex need not be great, since it is tethered in place. That is, in this 
embodiment, the complex is "off in the absence of the target substance. 
However, in the embodiment where the blocking moiety is linked to the 

25 complex in such a manner as to allow some rotation or flexibility of the 
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blocking moiety, for example, it is linked on one side only, such as the 
galactose embodiment of the examples, the blocking moiety should be 
designed such that it occupies the coordination site a majority of the time. 
Thus, for example, the galactose-DOTA structure of the examples gives 
5 roughly a 20% increase in the signal in the presence of galactosidase, thus 

indicating that the galactose blocking moiety is in equilibrium between 
blocking or occupying the coordination site and rotating free in solution. 

When the blocking moiety is not covalently tethered on two sides, as is 
depicted in Figure 1, it should be understood that blocking moieties and 

10 coordination site barriers are chosen to maximize three basic interactions that 

allow the blocking moiety to be sufficiently associated with the complex to 
hinder the rapid exchange of water in at least one coordination site of the 
complex. First, there may be electrostatic interactions between the blocking 
moiety and the metal ion, to allow the blocking moiety to associate with the 

15 complex. Secondly, there may be Van der Waals and dipole-dipole 

interactions. Thirdly, there may be ligand interactions, that is, one or more 
functionalities of the blocking moiety may serve as coordination atoms for the 
metal. In addition, linker groups may be chosen to force or favor certain 
conformations, to drive the equilibrium towards an associated blocking moiety. 

20 Similarly, removing degrees of fredom in the molecule may force a particular 

conformation to prevail. Thus, for example, the addition of alkyl groups, and 
particularly methyl groups, at positions equivalent to the R 9 to R 12 positions of 
Structure 6 when the blocking moiety is attached at W, X, Y or Z, can lead the 
blocking moiety to favor the blocking position. Similar restrictions can be 

25 made in the other embodiments, as will be appreciated by those in the art. 

Potential blocking moieties may be easily tested to sec if they are functional; 
that is, if they sufficiently occupy or block the appropriate coordination site or 
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sites of the complex to prevent rapid exchange of water. Thus, for example, 
complexes are made with potential blocking moieties and then compared with 
the chelator without the blocking moiety in imaging experiments. Once it is 
shown that the blocking moiety is a sufficient "blocker", the target substance is 
5 added and the experiments repeated, to show that interaction with the target 
substance increases the exchange of water and thus enhances the image. 

Thus, as outlined above, the metal ion complexes of the present invention 
comprise a paramagnetic metal ion bound to a chelator and at least one 
blocking moiety. In a preferrred embodiment, the metal ion complexes have 
10 the formula shown in Structure 6: 
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Stmcturc 6 




In this embodiment, M is a paramagnetic metal ion selected from the group 
consisting of Gd(IlI), Fe(III), Mn(II), Yt(IIl), and Dy(JII). A, B, C and D are 
each either single or double bonds. The R, through R ]2 groups are alkyl 
5 groups, as defined above, substituted alkyl groups, phosphorus groups, or a 

blocking moiety, as described above. At least one of the Rj to R 12 groups are a 
blocking moiety. 

Any or all of A, B, C or D may be a single bond or a double bond. It is to be 
understood that when one or more of these bonds are double bonds, there may 

10 be only a single substitutent group attached to the carbons of the double bond. 

For example, when A is a double bond, there may be only a single R ( and a 
single R 2 group attached to the respective carbons; in a preferred embodiment, 
as described below, the R, and R 2 groups are hydrogen. In a preferred 
embodiment, A is a single bond, and it is possible to have two R, groups and 

15 two R 2 groups on the respective carbons. In a preferred embodiment, these 

groups are all hydrogen with the exception of a single blocking moiety, but 
alternate embodiments utilize two R groups which may be the same or 
different. That is, there may be a hydrogen and a blocking group attached in 
the R, position, and two hydrogens, two alkyl groups, or a hydrogen and an 

20 alkyl group in the R 2 positions. 
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It is to be understood that the exact composition of the W, X, Y and Z groups 
will depend on the presence of the metal ion. That is, in the absence of the 
metal ion, W, X, Y and Z are -OH, -COOH, CH a OH or CH 2 COOH; however, 
when the metal is present, the groups may be -OH, -COO-, CH 2 OH or 
5 CH 2 COO-. 

As applied to DOTA, the four nitrogens of the DOTA ring, and the W, X, Y 
and Z groups provide 8 of the coordination atoms for the paramagnetic metal 
ion. The ninth coordination atom is provided by a blocking moiety which is 
substituted at one of the R, to R 12 positions. In a preferred embodiment, the 
10 other R groups are cither hydrogen or methyl; in a particularly preferred 

embodiment the chelator is Gd-MCTA, which has a single methyl group on the 
DOTA ring (see Meyer et al., Invest. Radiol. 25:S53 (1990)). 

In a preferred embodiment, the compositions have the formula shown in 
Structure 7: 

1 5 Structure 7 



In this embodiment, there is a single blocking moiety attached to the metal ion 
complex. That is, all but one of the R groups are hydrogen. It should be 
appreciated that the blocking moiety may be at any of the R positions. 



blocking moiety- 
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In a preferred embodiment, the magnetic resonance imaging agents are used to 
detect Ca+2 ions, and have the structure shown below: 
Structure 8 




In this embodiment, the blocking moiety comprises a linker and the BAPTA 
5 molecule, although any of the fura-typc Ca+2 ligands may be substituted. 

Without being bound by theory, it appears that one of the carboxy groups of the 
BAPTA moiety serves to provide a coordination atom in the absence of Ca+2. 
However, in the presence of Ca+2, the carboxy group chelates Ca+2, and thus 
is unavailable as a coordination group, thus allowing the rapid exchange of 
10 water. Preferably, the metal ion is Gd(IlI), the R groups are all hydrogen, and 

the W, X, Y and Z groups are carboxy. 

In another embodiment, the metal ion complexes have the formula depicted in 
Structure 9: 
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Structure 9 




In this embodiment, R 22 , R 23 and R 24 comprise a blocking moiety, with R 23 
being a coordination site barrier which also serves to contribute a coordination 
atom. It is to be understood that the R 22 and R 24 groups may be attached at any 
5 of the R, to R 12 positions. Preferred R 23 groups include, but are not limited to, 

compounds listed above and those shown in Figure 2. R 22 and R 24 may also 
comprise a linker, as defined above and as shown in Structure 1 0, below. 
Preferred R 22 and R 24 groups include enzyme substrates which are cleaved upon 
exposure to the enzyme, such as carbohydrates and peptides. Accordingly, 
10 when the target substance is a carbohydrase such as 6-galactosidase, the 
compositions have the formula shown in Structure 1 0: 
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Structure 1 0 




In this embodiment, the blocking moiety comprises two linkers, two 
carbohydrates, and a coordination site barrier. The carbohydrates arc attached 
to the complex via a linkage which will be recognized by a carbohydrase such 
5 as a B( 1 , 4) linkage such as is recognized by lactose or B-galactosidase. The R 22 

group provides a coordination atom in the absence of the carbohydrase such 
there is no rapid exchange of water in the complex. Upon exposure to the 
carbohydrase, such as fl-galactosidasc, one or both of the carbohydrate blocking 
moieties are cleaved off, removing the coordination atom and allowing the 
10 rapid exchange of water. Preferably, the R groups are hydrogen, and the W, X, 

Y and Z groups are carboxy. Alternatively, the blocking moiety could 
comprise peptides for a protease target substance. 



In place of the carbohydrates in Structure 10, an alternative embodiment 
utilizes peptides. That is, a peptide comprising 2 to 5 amino acids or analogs 
15 may be "stretched" from one side of the complex to the other, and linker groups 

may or may not be used. 
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In an alternative embodiment, the metal ion complexes have the formula 
depicted in Structure 1 1 : 

Structure 1 1 




S, T, U, and V are -OH, -COO-, CH 2 OH, CH 2 COO, or a blocking moiety. In 
this embodiment, the four nitrogens of the DOT A ring, and three of the S, T, U 
or V groups provide 7 of the coordination atoms for the paramagnetic metal 
ion. The remaining coordination atoms are provided by a blocking moiety 
which is substituted at one of the S, T, U or V positions. Alternatively, the 
coordination sites are either filled by coordination atoms provided by the S, T, 
U or V groups, or blocked by the S, T, U or V structure, or both. 

In a preferred embodiment, the compositions have the formula shown in 
Structure 12: 

Structure 12 



o M j 



-41- 



In this embodiment, there is a single blocking moiety attached to the metal ion 
complex. It should be appreciated that the blocking moiety may be at any of 
the S, T, U or V positions. Similarly, a single blocking moiety may be attached 
to DTPA. 

In a preferred embodiment, the magnetic resonance imaging contrast agents 
have the structure shown in Structure 13: 

Structure 13 




CH 2 Oll 



In this embodiment, the blocking moiety comprises a linker and a 
carbohydrate, attached to the complex via a B(l, 4) linkage such as is 
recognized by lactose or 6-galactosidase. Without being bound by theory, it 
appears that the galactose moiety provides a coordination atom, such that in the 
absence of B-galactosidase there is no rapid exchange of water in the complex. 
Upon exposure to B-galactosidase, the carbohydrate blocking moiety is cleaved 
off, removing the coordination atom and allowing the rapid exchange of water. 
Preferably, the R groups are hydrogen, and the W, X, Y and Z groups are 
carboxy. 

A further embodiment utilizes metal ion complexes having the formula shown 
in Structure 14: 
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Structure 14 
M 




It is to be understood that, as above, the exact composition of the H, I, J, K and 
L groups will depend on the presence of the metal ion. That is, in the absence 
of the metal ion, H, I, J, K and L are -Oi l, -COOH, CH 2 OH or CH 2 COOH; 
5 however, when the metal is present, the groups are -OH, -COO-, CH 2 OH or 

CH,COO-. 

In this embodiment, R 13 through R,, are alkyl, substituted alkyl, a phosphorus 
moiety or a blocking moiety, all as defined above. In a preferred embodiment, 
R, 2 to R 2] arc hydrogen. At least one of R|j - R?i> H> I> J> K or L is a blocking 
10 moiety, as defined above. 

In addition, the complexes and metal ion complexes of the invention further 
comprise one or more targeting moieties. That is, a targeting moiety may be 
attached at any of the R positions, although in a preferred embodiment the 
targeting moiety does not replace a coordination atom. By "targeting moiety" 
1 5 herein is meant a functional group which serves to target or direct the complex 

to a particular location or association. Thus, Tor example, antibodies, cell 
surface receptor ligands and hormones, lipids, sugars and dextrans, alcohols, 
bile acids, fatty acids, amino acids, and peptides may all be attached to localize 
or target the contrast agent to a particular site. 
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In a preferred embodiment, the metal ion complexes of the present invention 
are water soluble or soluble in aqueous solution. By "soluble in aqueous 
solution" herein is meant that the MRT agent has appreciable solubility in 
aqueous solution and other physiological buffers and solutions. Solubility may 
5 be measured in a variety of ways. In one embodiment, solubility is measured 

using the United States Pharmacopeia solubility classifications, with the metal 
ion complex being cither very soluble (requiring less than one part of solvent 
for 1 part of solute), freely soluble (requiring one to ten parts solvent per 1 part 
solute), soluble (requiring ten to thirty parts solvent per 1 part solute), sparingly 
10 soluble (requiring 30 to 100 parts solvent per 1 part solute), or slightly soluble 

(requiring 100 -1000 parts solvent per 1 part solute). 

Testing whether a particular metal ion complex is soluble in aqueous solution is 
routine, as will be appreciated by those in the art. For example, the parts of 
solvent required to solubilize a single part of MRI agent may be measured, or 
15 solubility in gm/ml may be determined. 

The complexes of the invention are generally synthesized using well known 
techniques. See, for example, Moi et al., supra; Tsien et al., supra; Borch et a]., 
J. Am. Chem. Soc, p2987 (1971); Alexander, (1995), supra; Jackels (1990), 
supra, U.S. Patent Nos. 5,155,215, 5,087,440, 5,219,553, 5,188,816, 4,885,363, 
20 5,358,704, 5,262,532; Meyer et al., (1 990), supra, Moi et al., (1988), and 

McMurray et al., Bioconjugate Chem. 3(2): 1 08-1 1 7 (1 992)). 

For DOTA derivatives, the synthesis depends on whether nitrogen substitution 
or carbon substitution of the cyclen ring backbone is desired. For nitrogen 
substitution, such as is exemplified by the galactose-DOTA structures of the 
25 examples, the synthesis begins with cyclen or cyclen derivcitives, as is well 

known in the art; see for example U.S. Patent Nos. 4,885,363 and 5,358,704. 
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Figures 3 and 4 depict the nitrogen substitution as exemplified by galactose- 
DOTA derivatives. 

For carbon substitution, such as is exemplified by the BAPTA-DOTA 
structures of the examples, well known techniques are used. See for example 
5 Moi et al., supra, and Gansow, supra. Figures 5 and 6 depict the carbon 

substitution as exemplified by the BAPTA-DOTA type derivatives. 

The contrast agents of the invention are complexed with the appropriate metal 
ion as is known in the art. While the structures depicted herein all comprise a 
metal ion, it is to be understood that the contrast agents of the invention need 

10 not have a metal ion present initially. Metal ions can be added to water in the 

form of an oxide or in the form of a halide and treated with an equimolar 
amount of a contrast agent composition. The contrast agent may be added as 
an aqueous solution or suspension. Dilute acid or base can be added if need to 
maintain a neutral pH. Heating at temperatures as high as 100°C may be 

15 required. 

The complexes of the invention can be isolated and purified, for example using 
HPLC systems. . 

Pharmaceutical compositions comprising pharmaceutical^ acceptable salts of 
the contrast agents can also be prepared by using a base to neutralize the 
20 complexes while they are still in solution. Some of the complexes are formally 

uncharged and do not need counterions. 

Once synthesized, the metal ion complexes of the invention have use as 
magnetic resonance imaging contrast or enhancement agents. Specifically, the 
functional MR1 agents of the invention have several important uses. First, they 
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may be used to diagnose disease states of the brain, as is outlined below. 
Second, they may be used in real-time detection and differentiation of 
myocardial infraction versus ischemia. Third, they may be used in in vivo, i.e. 
whole organism, investigation of antigens and immunocytochemistry for the 
5 location of tumors. Fourth, they may be used in the identification and 

localization of toxin and drug binding sites. In addition, they may be used to 
perform rapid screens of the physiological response to drug therapy. 

The metal ion complexes of the invention may be used in a similar manner to 
the known gadolinium MRI agents. See for example, Meyer ct al., supra; U.S. 

10 Patent No. 5,155,215; U.S. Patent No. 5,087,440; Margcrstadt et al, Magn. 

Reson. Med. 3:808 (1986); Runge et al., Radiology 166:835 (1988); and 
Bousquet et al., Radiology 166:693 (1988). The metal ion complexes are 
administered to a cell, tissue or patient as is known in the art. A "patient" for 
the purposes of the present invention includes both humans and other animals 

15 and organisms, such as experimental animals. Thus the methods are applicable 

to both human therapy and veterinary applications. In addition, the metal ion 
complexes of the invention may be used to image tissues or cells; for example, 
see Aguayo et al., Nature 322:190 (1986). 

Generally, sterile aqueous solutions of the contrast agent complexes of the 
20 invention are administered to a patient in a variety of ways, including orally, 

intrathccally and especially intraveneously in concentrations of 0.003 to 1.0 
molar, with dosages from 0.03, 0.05, 0.1, 0.2, and 0.3 millimoles per kilogram 
of body weight being preferred. Dosages may depend on the structures to be 
imaged. Suitable dosage levels for similar complexes are outlined in U.S. 
25 Patents 4,885,363 and 5,358,704. 
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In addition, the contrast agents of the invention may be delivered via 
specialized delivery systems, for example, within liposomes (see Navon, Magn. 
Reson. Med. 3:876-880 (1986)) or microspheres, which may be selectively 
taken up by different organs (see U.S. Patent No. 5,155,215). 

5 In some embodiments, it may be desirable to increase the blood clearance times 

(or half-life) of the MRI agents of the invention. This has been done, for 
example, by adding carbohydrate polymers to the chelator (see U.S. Patent 
5,155,215). Thus, one embodiment utilizes polysaccharides as substitution R 
groups on the compositions of the invention. 

10 A preferred embodiment utilizes complexes which cross the blood-brain 

barrier. Thus, as is known in the art, a DOT A derivative which has one of the 
carboxylic acids replaced by an alcohol to form a neutral DOT A derivative has 
been shown to cross the blood-brain barrier. Thus, for example, neutral 
complexes are designed that cross the blood-brain barrier with blocking 

15 moieties which detect Ca-t-2 ions. These compounds are used in MRI of a 

variety of neurological disorders, including Alzehcimer's disease. Currently it 
is difficult to correctly diagnosis Alzehcimer's disease, and it would be useful 
to be able to have a physiological basis to distinguish Alzehcimer's disease 
from depression, or other treatable clinical symptoms for example. 

20 The following examples serve to more fully describe the manner of using the 

above-described invention, as well as to set forth the best modes contemplated 
for carrying out various aspects of the invention. It is understood that these 
examples in no way serve to limit the true scope of this invention, but rather are 
presented for illustrative purposes. The references cited herein are expressly 

25 incorporated by reference. 
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EXAMPLES 
Example 1 

Synthesis and Characterization of Galactose-DOTA derivative 

Synthesis of Do3a-hydroxyethyl-bcta-galactose Gadolinium complex (Figure 
5 4). Acetyl protected bromo-galactose (Aldrich) was reacted with 

bromoethanol. Difference ratios of the alpha- and beta- bromoethyl ether of the 
acetylgalactosc were obtained in good yield. The isomers were separated using 
silica gel chromotography and their assigments were made by hydrolyzing the 
acetyl protecting groups and comparing the proton NMR coupling constants to 
10 known compounds. Recently an x-ray structure was done confirming these 

assignments (data not shown). 

The beta-isomer was reacted with cyclen at reflux in chloroform with 
monitoring of the reaction by TLC. Hydrolysis of the acetates was acheived 
with TEA/MCOH/H 2 0 overnight, and the solvent was removed under low 

15 vacuum. The resulting product was reacted directly with bromoacetic acid and 

then maintained at pH 10-10.5 until the pi I remained constant. The possible 
products all would have different charges in ammonia acetate buffer and thus 
were separated by anion exchange chromatography. An ammonium acetate 
buffer gradient was used during l'FLC anion exchange to elute the desired 

20 compound, with detection at 21 8 nm. Gadolinium oxide in water at 80°C was 

used to insert the metal into the complex. The reaction was followed using 
fluorescence spectroscopy. The product was purified by IIPLC reverse phase 
chromatography using fluorescence spectroscopy for detection and the structure 
was confirmed using high resolution mass spectrometry. The overall yield for 

25 this essentially one pot synthesis was greater than 25%. 
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Synthesis of aceto-1 -ethylbromo-B-galactosc (Figure 3): 1 -Bromoethane-2-ol 
was reacted with 2,3,4,6-aceto-l-a-bromo-galactose to produce a mixture of a 
and B anomers (10/90) of aceto-1 -ethylbromo-B-galactose in 68% yield (8.3g). 
The purified B anomer could be obtained using Hash chromatography. 
5 Stereochemical assignments were made via a X-ray crystal structure of the B 

anomer. 

Aceto-1 -ethylbromo-B-galactosc was reacted with cyclen (Aldrich Chemical 
Co.) to produce the monosubsitutcd product. The acetate protecting groups 
were cleaved and the 3 carboxylic acid substitucnts were added using 

10 bromoacetic acid at pi 1 10.5. The product was isolated by anion exchange fast 

performance liquid chromatography (FTLC) observed by fluorescence 
spectrascopy in 37% yield. Gd 31 or Tb 5 ' was inserted into the complexes and 
were purified using repeated collections on a reverse phase HPLC analytic C ]8 
column with a water/acetonitrile gradient (0-10%) as the elute and fluorescence 

15 for detection (274nm-cx and 3 1 5nm-em) in 70% yield. High resolution mass 

spectrum analysis of the solid provided a parent molecular ion for the (M+Na) + 
which exhibited the correct exact mass and the predicted isotope ratios. 

Alternate synthetic route: Do3a methyl ester was synthesized by literature 
methods. Do3a methyl ester was reacted with beta-bromoethyl ether of the 

20 acetylgalactose obtained as described in D 2 0/d4 methanol while maintaining 

the reaction at basic pH. The reaction was followed by NMR. First the acetate 
methyl ester cleaved and the sugar became water soluble as judged by allowing 
the methanol to evaporate. Next the methyl ester was absorbed to cleave and 
finally at around pIT 10 a shift consistant with the formation of the sugar Do3a 

25 was observed. 
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Summary of the synthesis of Do2a-hydroxycthyl-di-beta-galactose: The 
reaetion of cyclen with beta-bromoethyl ether of the acetylgalactosc in 
chloroform was done. The reaction mixture was purified using silica gel 
chromatography. While the alpha isomer gave monosubslitution only di- 
5 substituted products were obtained for the beta isomer as shown in Figure 5. 

The acetic acid derived arm was added as described for the monosubstituted 
compound above and purified by FPLC cation exchange using an acid water 
gradient. Individual fractions were detected by TLC spotting. 

Characterization: The ability of P-galactosidase to remove the galactopyranosal 
10 blocking group from GadGal was examined by HPLC. The cleavage reaction 

was monitored using the distinct retention times of the complex and the 
complex without the galactopyranose residue. Upon incubation with native 
P-galactosidase, a peak with an clution time of 1 5 min appeared that 
corresponds to the complex without galactopyranose. In a control experiment, 
15 using heat-inactivated P-galactosidase, the retention time of the peak remained 

constant. Thus, the HPLC experiments confirm the enzymatic processing of 
the complex by native but not heat-treated enzyme. 

The effect the presence of the galactopyranosal residue on the water exchange 
rate of the complex was tested by measuring the fluorescence spectra of the 

20 terbium (Tb 3+ ) derivative ( 545 nm) in water/deuterium oxide mixtures. 

Terbium was substituted for Gd because of the more intense fluorescence 
signal and long lifetime when chelated. The fluorescence of the terbium 
complex is quenched by H 2 0 but not by D 2 0 . This effect occurs because the 
excited state of the terbium is coupled to the OH oscillator but not the OD 

25 oscillator. Therefore, the lifetime of the fluorescence signal is longer in D 2 0 

than in II 2 0. A plot of 1 /lifetime versus the percentage of H 2 0 allows the 
calculation of the number of water molecules, q, that are fast exchange with the 
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complex (Kumar et al., Pure and Appl. Chem. 65:515-520 (1993); Lie et al., J. 
Am. Chem. Soc. 1 17:8123-8138 (1995); Zhang et al., Inorg. Chem. 31:5597- 
5600 (1 992)). The q values for the terbium complexes in the presence and 
absence of the galactopyranose were 0.7 and 1.2, respectively. Therefore, 
5 spectrofluorimetry confirms that the galactopyranose blocking group hinders 

the fast exchange of water. 

The effect of the enzymatic cleavage of the galactopyranose on the T, of the 
complex was assessed using NMR spectroscopy. The molar quantity related to 
these T, values is the relaxivity, R. R values at 500 MHz were determined for 

10 the complex plus galactose (1 800 mM s" 1 ) and minus galactose (2400 mM s" 1 ) 

and compared to that of the related species Prohance (2700 mM s" 1 ). The 
difference in observed relaxivity parallels the results obtained from the T, 
measurements for complexes. The increase in water exchange, demonstrated in 
the spectrofluorimetry experiments, suggested that the T, of a solution of the 

15 agent should decrease upon enzymatic processing. A 20% difference between 

the measured T l values in the presence and absence of p-galactosidase 
confirmed this prediction. The complex exposed to P-galactosidase at two 
different concentrations showed identical and significant decreases in the 
solution T,. A 20% change in observed T, accompanies cleavage of the 

20 galactopyranose from the complex, consistent with the change in measured 

hydration number, q, obtained from fluorescence measurements. Control 
solutions of the complex together with heat inactivated enzyme show no 
decrease; in fact, the T, appeared to increase slightly. MRI microscopy was 
used to examine if the observed difference in T, between the complex in the 

25 presence and absence of the galactose would be sufficient to serve as a MRI 

contrast agent. Images obtained using a standard inversion recovery sequence 
revealed that the T, change generated by enzymatic processing could be 
visualized in a MR image (Figure 9). The complex was placed in 1.5 -1 .8 mm 
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capillary tubes, either with or without P-galactosidase. The images displayed 
in Figure 9 show that the T, mediated contrast was altered by the action of 
P-galactosidase, yielding the expected increase in the image contrast. 

Example 2 

5 Synthesis of BAPTA-DTPA and BAPTA-DOTA derivatives 

Two representative synthetic schemes are shown for the synthesis of a BAPTA- 
DTPA derivative in Figures 7 and 8. In figure 7 (the preferred method), 
structure I was prepared by modification of published procedures (Tsien et al., 
supra) and coupled to hexamehtylenediaaminc using NaCNBrH 3 in dry 

10 methanol. The ratio of reactants used was 6: 1 :0.6 (diamine:BAPTA 

aldehyde:NaCNBrH 3 ). The reaction was quenched with the addition of 
concentrated HC1 and the product purified by I IPLC (II). This material was 
reacted with the mono (or bis) anhydride of DTP A with the protecting groups 
left on the BAPTA until after the Gd(III)Cl 3 or Gd 2 0 3 was added (elevated pH, 

15 heat). The final product was purified by ion-exchange HPLC. 

In figure 8, the monoanhydridc of DTP A was prepared and reacted with a 
bisalkylaminc (e.g. NH 2 (CH 2 ) 6 (NH 2 ). This material was purified by ion- 
exchange HPLC and placed in a round bottom flask equipped with argon inlet 
and pressure equalizing funnel. The BAPTA aldehyde in dry methanol was 
20 added dropwise to a solution of alkylaminc-DTPA in dry methanol and 6 

equivalents of IIClrMeOH was added. The reaction mixture was purified by 
HPLC, Gd(III) inserted as above, and the protecting groups removed by 
literature procedures. 
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CLAIMS 

We claim: 

1 . A MRI agent comprising a paramagnetic metal ion bound to a complex, said 
complex comprising: 
5 a) a chelator; and 

b) a blocking moiety covalently attached to said chelator which binds in 
at least a first coordination site of said metal ion and which is capable 
of interacting with a target substance such that the exchange of water in 
at least said first coordination site is increased. 

10 2. A MR! agent according to Claim 1 wherein said chelator is DOTA. 

3. A MRI agent according to Claim 1 wherein said chelator is DPTA. 

4. A MRI agent according to Claim 1 wherein said paramagnetic metal ion is 
selected from the group consisting ofGd(HI), Fc(Ill), Mn(II), Yt(III), Cr(III) or 
I)y(IIl). 

15 5. A MRI agent according to claim 1 wherein said paramagnetic metal ion is 

Gd(lll). 

6. A MRI agent comprising 

a) a paramagnetic metal ion capable of binding n coordination atoms, 
wherein said metal ion is bound to a chelator such that said metal ion 
20 has coordination atoms at (n-1) or (n-2) coordination sites of said metal 

ion; and 



b) a blocking moiety covalently attached to said chelator that hinders 
the rapid exchange of water in the remaining coordination site or sites, 
wherein said blocking moiety is capable of interacting with a target substance, 
such that the exchange of water at the remaining coordination site or sites is 
increased. 

7. A MR] agent according to claim 6 comprising 

a) a Gd(III) ion with coordination atoms at 8 coordinat ion sites of said 
Gd(HI) ion; and 

b) a blocking moiety which hinders the rapid exchange of water in a 9th 
coordination site, 

wherein said blocking moiety is capable of interacting with a target substance, 
such that the exchange of water at the 9th coordination site is increased. 

8. A MR1 agent according to claim 6 comprising a Gd(III) ion bound to a 
chelator with 8 coordination atoms. 

9. A MRI agent having the formula comprising: 



wherein 

M is a paramagnetic metal ion selected from the group consisting of Gd(lil), 

Fe(III), Mn(Il), Yt(IU), Cr(III) and Dy(III); 

A, B, C and D are either single bonds or double bonds; 
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W, X, Y and Z arc -OH, -COO-, -CH 2 OI f or -CM 2 COO-; 

R, - R, 2 are hydrogen, alkyl, substituted alkyl, phosphorus moiety, or a 

blocking moiety; 

wherein at least one of R, - R, 2 is a blocking moiety. 

10. An MR1 agent according to claim 9 having the formula comprising: 
r, ^ / coon 



M is a paramagnetic metal ion selected from the group consisting of Gd(III), 

Fe(III), Mn(II), Yt(III), Cr(III) and Dy(III); 

A, B, C and D arc either single bonds or double bonds; 

W, X, Y and Z are -OH, -COO-, -CH 2 OH or -CH 2 COO-; and 

R, - R 12 are hydrogen, alkyl, substituted alkyl, or phosphorus moiety. 




wherein 
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11. A MR I agent having the formula comprising: 




wherein 

M is a paramagnetic metal ion selected from the group consisting of Gd(IlI), 
Fc(lII), Mn(ll), Yt(IIl), Cr(III) and Dy(IlI); 
5 A, B, C, and D are either single or double bonds; 

S, T, U and V arc -OH, -COO-, -CH20H, -CH2COO-, or a blocking moiety; 
R, - R 12 are hydrogen, alkyl, substituted alkyl, or phosphorus moiety; 
wherein at least one of S, T, U or V is a blocking moiety. 

12. An MR1 agent according to claim 1 1 having the formula comprising: 
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M is a paramagnetic metal ion selected from the group consisting of Gd(III), 
Fe(III), Mn(II), Yt(IlI), Cr(IlI) and Dy(lII); 



A, B, C and D are either single bonds or double bonds; 

W, X, Y and Z are -OH, -COO-, -CH 2 OH or -CH 2 COO-; and 

R, - R p are hydrogen, alkyl, substituted alkyl, phosphorus moiety or a blocking 

moiety; and 

R 22 , R 23 and R 24 comprise a blocking moiety, with R 23 being a coordination site 
barrier. 

1 3. An MR1 agent according to claim 1 1 having the formula comprising: 




wherein 

M is a paramagnetic metal ion selected from the group consisting of Gd(III), 

Fc(III), Mn(Il), Yt(III), Dy(III), and Cr(IlI); 

A, B, C and D are cither single bonds or double bonds; 

W, X, and Y are -OH, -COO-, -CI I 2 01 1 or -CH 2 COO-; and 

R, - R 12 are hydrogen, alkyl, substituted alkyl, or phosphorus moiety. 

14. A MR I agent having the formula comprising: 
M 
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whcrein 

M is a paramagnetic metal ion selected from the group consisting of Gd(IlI), 
Fe(III), Mn(II), Yt(lll), Cr(III) or Dy(IIl); 

H, 1 , J, K and L are -OH, -COO-, -CH20H, -CH2COO-, or a blocking moiety; 
5 R n - R 21 are hydrogen, alkyl, substituted alkyl, phosphorus moiety or a 

blocking moiety; 

wherein at least one of R 13 - R 21 , H, I, J, K or Lisa blocking moiety. 

15. A composition according to Claim 9, 11, 12 or 14 wherein said blocking 
moiety comprises an enzyme substrate. 

10 16. A method of magnetic resonance imaging of a cell, tissue or patient 

comprising administering an MR1 agent according to claim 1 to a cell, tissue or 
patient and rendering a magnetic resonance image of said cell, tissue or patient. 



ABSTRACT 

The invention relates to novel magnetic resonance imaging contrast agents and 
methods of detecting physiological signals or substances. 
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PATENT DI SCLOSURE LETTER 

Subject Functional MRI agents for simultaneous detection and delivery of 

therapeutic agents. 



Summary of Idea 

This letter discloses the design and synthesis of an entirely new class of magnetic 
resonance imaging (MRI) agents capable of reporting on the physiological status of in 
vivo cellular and metabolic process while simultaneously delivering a therapeutic drug. 
We have synthesized a class of agents that have three capabilities: 1.) an MRI agent that 
is processed by a enzyme or intercellular messenger, and 2.) simultaneously transmit 
this metabolic signal to an image acquired by MRI and 3). as part of the detection of 
these processes, simultaneously deliver a therapeutic drug. The contrast agents 
synthesized in this work provide an unrealized capability of MRI to obtain images 
sensitive to the metabolic state of the target and have application in both clinical 
diagnostic radiology and high resolution MR! microscopy. 

Obj ect of the Invention: Problem to be solved 

The primary goal of the work described in this report is to develop and test new classes 
of MRI contrast agents that are sensitive to physiological processes while 
simultaneously delivering a drug to the target. Current MRI agents are incapable of 
detecting physiological events or tracking drug delivery. The result of this work is a 
series of complexes with the unprecedented ability to provide high-resolution 3D MRI 
images derived from the metabolic activity of living systems while providing drug 
therapy. 
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The first objective is to prepare an entirely new series of synthetically versatile MRI 
agents with functional sites available for attachment of metabolic probes. These 
"functional" imaging agents are essentially caged complexes with access to the 
paramagnetic site selectively blocked or unblocked. After coupling this MRI agent to the 
probe, the complexes are able to simultaneously bind a paramagnetic metal atom and a 
metabolite or biomolecule in two distinct regions of the same molecule. The binding 
sites of the new complexes are in close proximity and have been designed to act in a 
cooperative fashion. By judicious choice of the blocking group, the second order MR 
signal from the agent can be effectively eliminated. Once the MR agent is turned "on" 
the blocking group becomes a therapeutic drug. 

Mo L Art 

Presently, work from our group represents the only examples of an in vivo metabolic 
species MRI agent. 

Back ground 

In recent years, MRI has emerged as a powerful tool in clinical settings because it is 
non-destructive and yields a true volume rendering of the subject. The image is created 
by imposing one or more orthogonal magnetic field gradients upon the specimen while 
exciting nuclear spins with RF pulses as in a typical NMR experiment. After collection 
of data with a variety of gradient fields, deconvolution yields a one, two, or three 
dimensional image of the specimen. Typically, the image is based upon the NMR signal 
from the protons of water where the signal intensity in a given volume element is a 
function of the water concentration and relaxation times (Ti and T2). Local variations in 
these three parameters provide the vivid contrast observed in MR images. For example, 
the low water content of bone makes it appear dark, while the short T 2 of clotted blood 
affords it a higher signal intensity than that from non-clotted blood. 

The same advantages that have made MRI the technique of choice in medical imaging 
make it an ideal imaging tool for use in biological experiments. Recent analyses have 
shown the feasibility of MRI at cellular resolution. Unlike light-microscope imaging 
techniques based upon the use of dyes or fluorochromes, MRI does not produce toxic 
photobleaching by-products. Furthermore, MRI is not limited by light scattering or 
other optical aberrations to those cells within a hundred microns of the surface. 

Current agents are unable to provide data on the physiological status of an organism. 
The realm of obtaining images based on the physiological status of a target has 
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previously been reserved for positron emission tomography (PET). PET yields lower 
resolution images (spatial and temporal) then MRI and requires far more costly 
measurement devices. If MM is to realize its potential in clinical applications and 
biological experiments, new contrast agents must be developed. 

This invention describes the design and synthesis of MRI contrast agents that can detect 
physiological processes in vivo, and to deliver a drug. A known MRI agent is 
synthetically attached to a ligand capable of binding the intercellular messenger, 
calcium. The design of this new class of agents exploits the fundamental means by 
which a paramagnetic species affects the intensity of an image acquired by MRI. Protons 
on water molecules that are bound to a paramagnetic ion have a large net increase in 
their relaxation rate. The "trigger" for the detection of a metabolic species by the agents 
described in this invention will be the presence or absence of an inner-sphere water 
molecule bound to a paramagnetic ion and will be controlled directly or indirectly by 
the presence or absence of a metabolite. Once cleaved, the blocking group willl behave 
as a therapeutic drug . 

The lanthanide ion, gadolinium was chosen as the paramagnetic metal because it has a 
very high magnetic moment (u 2 = 63BM 2 ), and a symmetric electronic ground state, (S s ). 
This ion provides a large increase in the measured relaxation rate of protons. However, 
gadolinium ions are extremely toxic in vivo and therefore must be bound to a chelating 
agent. The two chelating agents employed in this work are functionally modified 
derivatives of diethylenetriaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclo- 
dodecane -N,N',N",N'"-tetracetic acid (DOTA). These chelating ligands have been chosen 
to form the basis of this new class of agents due to the high in vivo stability of the 
associated gadolinium complexes (e.g., kf = 10 22 for DTPA and kf =10 28 for DOTA). 

Crucial to the design of this class of MRI agents is the selection of a ligand that will bind 
the metabolically sensitive component. It must be physiologically inert, while at the 
same time susceptible to minute changes in the local water environment. 

The nature of the inner sphere mechanism for Ti relaxation phenomena suggested a 
means to create a contrast agent with two distinct relaxivities, weak and strong. By 
blocking the one remaining open coordination site, water protons would be excluded 
from the inner sphere and the effect of the Gd 3+ ion on the T\ would be diminished. 



This can be accomplished by strategically modifying the chelate ligand with a 
coordinating group that stericly blocks the remaining inner sphere site. For the agent 
described here, this blocking group is designed to be cleaved by an enzyme, thereby 
increasing the Ti of nearby water in a conditional fashion. 

The first of this new family of MRI contrast agents known as EGad (4,7,10-triaceticacid- 
l-(eth-2-oxy-b-galactopyranose)-l,4,7,10-tetraazacyclo-dodecane-gadolinium), positions 
a galactopyranose residue at the ninth coordination site of the Gd 3+ ion (Figure 1). 
Exposure of EGad to the common marker enzyme b-galactosidase (b-gal) removes the 
galactopyranose from the chelator and causes an irreversible transition from a weak to a 
strong relaxivity state. X-ray crystallographic analysis, mass spectrometry, and NMR 
spectroscopy were used to confirm the stereochemistry and structure of the 
intermediates and the final product. As described below, fluorescence, Ti, and MR 
imaging experiments confirm the design strategy. 

The ability of b-gal to remove the galactopyranose blocking group from EGad was 
examined by HPLC (Figure 2). The cleavage reaction was monitored using the distinct 
retention times of EGad and Gad (EGad without the galactopyranose residue). When 
EGad was incubated with native b-gal, a peak with an elution time of 15 minutes 
appeared that corresponds to Gad. After exposure to heat-inactivated b-gal or a- 
galactosidase (used as negative control experiments) the retention time of the EGad 
peak remained constant. Thus, the HPLC experiments confirm the enzymatic 
processing of EGad by the appropriate, active enzyme. 

An assessment of the ability of the galactopyranose residue to modulate the water 
exchange rate of EGad, we measured the fluorescence spectra of the terbium (Tb 3 +) 
derivative in water/deuterium oxide mixtures (EGad-Tb, em 545 nm). The fluorescence 
of the terbium complex is quenched by I bO but not by D 2 0 because the excited state of 
the terbium is strongly coupled to the OH oscillator but not the OD oscillator. 
Therefore, the lifetime of the fluorescence signal is longer in D2O than in H 2 0. This 
value was used to determine the number of water molecules, q, that are in fast exchange 
with the complex 



Reduction to Practice 

The two classes of complexes outlined here are derived from the use of DTP A or DOTA 



( 



as the coordination site for the gadolinium ion and a blocking group (drug) as the 
"switch" for detection of the MRI agent and ultimately, therapeutic use. 





Figure 2 '. Enzyme sensitive MRI agent (left) and physiologically triggered MRI agent for 
simultaneous delivery of a drug that is detectable by MRI. 



